The spontaneous breaking of B−L symmetry naturally accounts for the small observed neutrino masses via the seesaw mechanism. We have recently shown that the cosmological realization of B−L breaking in a supersymmetric theory can successfully generate the initial conditions of the hot early universe, i.e. entropy, baryon asymmetry and dark matter, if the gravitino is the lightest superparticle (LSP). This implies relations between neutrino and superparticle masses. Here we extend our analysis to the case of very heavy gravitinos which are motivated by hints for the Higgs boson at the LHC. We find that the nonthermal production of 'pure' wino or higgsino LSPs, i.e. weakly interacting massive particles (WIMPs), in heavy gravitino decays can account for the observed amount of dark matter while simultaneously fulfilling the constraints imposed by primordial nucleosynthesis and leptogenesis within a range of LSP, gravitino and neutrino masses. For instance, a mass of the lightest neutrino of 0.05 eV would require a higgsino mass below 900 GeV and a gravitino mass of at least 10 TeV.
Introduction
We have recently proposed that the spontaneous breaking of B−L, the difference of baryon and lepton number, sets the initial conditions of the hot early universe [1, 2] . In a supersymmetric extension of the Standard Model, with B−L breaking at the grand unification (GUT) scale, an initial phase of unbroken B−L yields hybrid inflation, ending in tachyonic preheating during which B−L is spontaneously broken. If the gravitino is the lightest superparticle (LSP), entropy, baryon asymmetry and gravitino dark matter can be produced in the subsequent reheating process. Successful baryogenesis via leptogenesis and the generation of the observed relic dark matter density require relations between neutrino masses and superparticle masses, in particular a lower bound of 10 GeV on the gravitino mass [2] .
In this Letter we want to point out that the spontaneous breaking of B−L can also ignite the thermal phase of the universe if the gravitino is the heaviest superparticle.
This possibility is realized in anomaly mediation [3, 4] and has recently been reconsidered in the case of wino [5] , higgsino [6] and bino [7] LSP, motivated by hints of the LHC experiments ATLAS and CMS that the Higgs boson may have a mass of about 125 GeV [8, 9] . It is known that a gravitino heavier than about 10 TeV can be consistent with primordial nucleosynthesis and leptogenesis [10] [11] [12] . In the following we shall discuss the restrictions on the mass of a weakly interacting massive particle (WIMP) as LSP, which are imposed by the consistency of hybrid inflation, leptogenesis, big bang nucleosynthesis (BBN) and the dark matter density.
Spontaneous B−L breaking as the origin of the hot early universe Our starting point is the supersymmetric standard model with right-handed neutrinos and spontaneous B−L breaking, described by the superpotential
Varying M 1 corresponds to varying one of the flavour charges. The uncertainty in m 1 is related to unknown O(1) coefficients in the Froggatt-Nielsen model; a typical value is m 1 ∼ 0.04 eV [13] . It is well known that m 1 is bounded from below by the lightest neutrino mass m 1 [14] . Consequently, constraints on m 1 directly translate into constraints on the light neutrino mass spectrum.
The reheating process is dominated by decays of the B−L Higgs boson S into heavy neutrinos and the subsequent decay of these into Standard Model particles and their superpartners (cf. Fig. 1, upper panel) . As the detailed analysis of Ref. [2] shows, the competition between these decays and the cosmic expansion leads to an intermediate LSP production from the thermal bath and in heavy gravitino decays
The WIMP dark matter abundance from thermal freeze-out strongly depends on the nature of the LSP. The mass spectrum of superparticles, motivated by anomaly mediation and the present hints for the Higgs boson mass from LHC, has a characteristic hierarchy [5] [6] [7] ,
where m G denotes the gravitino (G) mass. Due to this hierarchy the LSP is typically a 'pure' gaugino or higgsino. It is well known that in this situation the thermal abundance of a bino LSP is generically too large, which is therefore disfavoured. Hence, the case of a light wino [5] or higgsino [6] is preferred. 1 A pure neutral wino or higgsino is almost mass degenerate with a chargino belonging to the same SU (2) 
for wino 2 and higgsino, respectively.
Let us now consider gravitino masses in the range from 10 TeV to 10 3 TeV, as suggested by anomaly mediation. The gravitino lifetime is given by
where M P = 2.4 × 10 18 GeV, and n v = 12 and n m = 49 are the number of vector and chiral matter multiplets, respectively. The lifetime (5) corresponds to the decay temperature This yields the nonthermal contribution to the dark matter abundance 3 ,
where we have assumed that the gravitino density is produced from the thermal bath during reheating, cf. Fig. 1 , upper panel. For LSP masses below 1 TeV, which are most interesting for the LHC as well as for direct searches, the total LSP abundance
3 Note that the thermal gravitino production rate has a theoretical uncertainty of at least a factor of 2. The numerical prefactor used in Eq. (7) is thus dominated by the contribution from gravitino decay.
The LSPs are produced relativistically. They form warm dark matter which can affect structure formation on small scales. A straightforward calculation yields the free-streaming length
where t eq and t 0 denote the time of radiation-matter-equality and the age of the universe, respectively. For the gravitino and LSP masses considered in this paper, one finds λ F S 0.1 Mpc, which is below the scales relevant for structure formation [20] . 
Relations between LSP, gravitino and neutrino masses
The LSP has to be heavier than 94 GeV, the current lower bound on chargino masses [16] . From the requirement of LSP dark matter, i.e. Ω LSP h 2 = Ω DM h 2 0.11 [16] , one then obtains an upper bound on the reheating temperature, T RH < 4.2 × 10 10 GeV. For gravitino masses below 40 TeV, primordial nucleosynthesis provides a more stringent upper bound on the reheating temperature [21] . In Fig. 3 we compare upper and lower bounds on the reheating temperature from dark matter density, nucleosynthesis and leptogenesis, respectively, as functions of the gravitino mass. It is remarkable that for the entire mass range, 10 TeV m G 10 3 TeV, nucleosynthesis, dark matter and leptogenesis can be consistent.
The dark matter constraint Ω LSP h 2 = Ω DM h 
Prospects for direct detection and collider experiments
For pure wino and higgsino LSPs, the exchange of the lightest Higgs boson yields at tree level for the spin-independent elastic scattering cross section [22] ,
where m h 0 is the mass of the lightest Higgs boson. For the hierarchical mass spectrum of Eq. (3) one has r w ≡ m w /m h 1 for wino LSP and r h ≡ m h /m w 1 for higgsino LSP, respectively. Hence, the spin-independent scattering cross sections are significantly below the present experimental sensitivity for LSP masses below 1 TeV.
For the considered hierarchy of superparticle masses, gluinos and squarks are heavy.
Hence the characteristic missing energy signature of events with LSPs in the final state may be absent and the discovery of winos or higgsinos therefore very challenging [23] . In both cases the neutral LSP is almost mass degenerate with a chargino, which increases the discovery potential. One may hope for macroscopic charged tracks of the produced charginos. A generic prediction is also the occurrence of monojets caused by the DrellYan production of higgsino/wino pairs associated by initial state gluon radiation.
Conclusion
We have shown that spontaneous breaking of B−L symmetry can successfully generate the initial conditions for the hot early universe, i.e. entropy, baryon asymmetry and dark matter, for the hierarchical superparticle mass spectrum given in Eq. (3). Very heavy gravitinos, as motivated by hints for the Higgs boson at the LHC, are produced from the thermal bath during the reheating phase after inflation. They eventually decay at some time between the QCD phase transition and BBN into wino or higgsino LSPs, which then account for the observed dark matter abundance. By additionally imposing the requirement of successful leptogenesis, we obtain upper bounds on the LSP masses and a lower bound for the gravitino mass. We emphasize that the initial conditions of the radiation dominated phase of the early universe, in particular the reheating temperature, are not free parameters but are determined by parameters of a Lagrangian, which in principle can be measured by particle physics experiments and astrophysical observations.
